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Summary
Background: Temperature exerts powerful control over devel-
opment and virulence of diverse pathogens. In the leading
human fungal pathogen, Candida albicans, temperature
governs morphogenesis, a key virulence trait. Many cues that
induce the yeast to filament transition are contingent on a
minimum of 37C, whereas further elevation to 39C serves as
an independent inducer. The molecular chaperone Hsp90 is
a key regulator ofC. albicans temperature-dependent morpho-
genesis.CompromiseofHsp90 functiongenetically, pharmaco-
logically, or by elevated temperature induces filamentation in
amanner that dependsonprotein kinaseA signaling but is inde-
pendent of the terminal transcription factor, Efg1.
Results: Here, we establish that despite morphological and
regulatory differences, inhibition of Hsp90 induces a transcrip-
tional profile similar to that induced by other filamentation cues
and does so independently of Efg1. Further, we identify Hms1
as a transcriptional regulator required for morphogenesis
induced by elevated temperature or Hsp90 compromise.
Hms1 functions downstream of the cyclin Pcl1 and the cyclin-
dependent kinase Pho85, both of which are required for
temperature-dependent filamentation. Upon Hsp90 inhibition,
Hms1 binds to DNA elements involved in filamentous growth,
including UME6 and RBT5, and regulates their expression,
providing a mechanism through which Pho85, Pcl1, and
Hms1 govern morphogenesis. Consistent with the importance
ofmorphogenetic flexibility for virulence,deletionofC.albicans
HMS1 attenuates virulence in a metazoan model of infection.
Conclusions: Thus, we establish a new mechanism through
which Hsp90 orchestrates C. albicans morphogenesis, and
define novel regulatory circuitry governing a temperature-
dependent developmental program, with broad implications
for temperature sensing and virulence of microbial pathogens.
Introduction
Temperature exerts powerful control over fungal development
and virulence. For Candida albicans, the leading human
fungal pathogen, temperature influences mating, phenotypic
switching, drug resistance, and morphogenesis [1]. Though5These authors contributed equally to this work
6Present address: Department of Biological Sciences, Universite´ de Mon-
tre´al, Montre´al, QC H3C 3J7, Canada
*Correspondence: leah.cowen@utoronto.caC. albicans occupies a thermally buffered niche within
mammals, temperature fluctuations in the host could manifest
through exposure to ambient temperature when infections
are superficial, or febrile episodes, with fevers representing
an evolutionarily conserved response to infection. Febrile
temperatures reached in patients challenged by infection
abrogate drug resistance of C. albicans [2], thereby providing
a molecular mechanism by which fever could benefit the host.
Temperature has a profound influence on C. albicans
morphogenetic transitions between yeast and filaments. This
morphogenetic flexibility is strongly correlated with virulence;
mostmutants unable to transition are avirulent [1, 3]. Yeast and
filaments possess distinct virulence properties, because yeast
are important for early dissemination and filaments for tissue
invasion and deep-seated infections [4]. Morphogenesis is
also fundamental for the formation of biofilms composed of
diverse cellular morphologies [1]. Morphogenesis from yeast
to filaments is induced by environmental cues including
serum, nutrient limitation, CO2, and pH [1]. Many inducing
cues depend on an increase in temperature to 37C, and
further elevated temperature of 39C is an independent
inducer. Response to morphogenetic cues is governed by
complex signaling cascades [1]. Although the pathways
underpinning morphogenetic responses to cues such as
serum are well-established [5], the molecular basis of temper-
ature-dependent morphogenesis has remained largely
enigmatic.
We previously discovered that the molecular chaperone
Hsp90 is the elusive temperature sensor governing
C. albicans morphogenesis [6]. Hsp90 is an essential chap-
erone that regulates the form and function of diverse client
proteins in all eukaryotes [7]. Many Hsp90 clients are key
regulators of cellular signaling, including protein kinases and
transcription factors. As a heat-shock protein, Hsp90 expres-
sion is induced by elevated temperature, though global protein
misfolding that ensues can overwhelm its functional capacity
[7]. Induction of filamentation requires relief from Hsp90-medi-
ated repression of the morphogenetic program, and Hsp90
function is compromised under conditions that induce
morphogenesis [6]. Compromising Hsp90 function induces
filamentation via cAMP-protein kinase A (PKA) signaling [6].
The cAMP-PKA cascade is fundamental for C. albicans
morphogenesis induced by various cues, including compro-
mised Hsp90 function, which depends on upstream compo-
nents Ras1, the adenylyl cyclase Cyr1, and the PKA catalytic
subunits, Tpk1 and Tpk2, though is independent of Efg1, the
canonical terminal transcription factor [6]. Consistent with
the relationship between morphogenetic flexibility and viru-
lence, depletion of C. albicans Hsp90 attenuates virulence in
a murine model of systemic disease [6]. Thus, Hsp90 inte-
grates temperature sensing and cellular signaling to orches-
trate C. albicans morphogenesis, though the cellular circuitry
involved remains enigmatic.
That morphogenesis induced upon Hsp90 inhibition occurs
independently of Efg1 implicates alternative transcriptional
regulators downstream of cAMP-PKA signaling or in alterna-
tive pathways. Efg1 is a key transcriptional regulator of
morphogenesis and is required for filamentation induced by
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462most cues that depend on cAMP-PKA signaling including
serum, pH, and glucose starvation [1]. Notably, additional
pathways have recently been implicated in filamentation
induced upon Hsp90 compromise [8]. Hsp90 stabilizes the
cyclin-dependent kinase Cdc28, thereby influencing a key
cell-cycle regulator, which controls morphogenesis [8, 9]. Fila-
ments induced byHsp90 compromise exhibit a delay inmitotic
exit, mediated by the cell-cycle checkpoint protein Bub2 [8].
Hsp90’s pleiotropic effects onmorphogenetic circuitry include
cAMP-PKA signaling, cell-cycle pathways, and likely addi-
tional pathways. That the transcription factors underpinning
the morphogenetic response to Hsp90 compromise remain
elusive motivates identification of the transcriptional signature
of the filaments induced upon Hsp90 compromise and the key
transcriptional regulators.
Here, we assess the global transcriptional profile of fila-
ments induced by Hsp90 inhibition and identify a novel
pathway through which Hsp90 governs temperature-depen-
dent C. albicans morphogenesis, including the cyclin-depen-
dent kinase Pho85, cyclin Pcl1, and transcription factor
Hms1. Our results establish a novel pathway governing fila-
mentous growth induced by Hsp90 inhibition and illuminate
the complex architecture of signaling networks underpinning
C. albicans temperature-dependent morphogenesis.
Results
Inhibition of Hsp90 Induces a Filament-Specific
Transcriptional Profile, Independent of Efg1
We assessed whether filaments induced by Hsp90 inhibition
possess a canonical filament-specific transcriptional profile
by microarray analysis. We used a C. albicans EFG1/efg1D
heterozygote to facilitate subsequent comparisons with a
marker-matched efg1D/efg1D mutant, grown in the presence
or absence of the Hsp90 inhibitor geldanamycin (GdA). Anal-
ysis of microarray data using a volcano plot algorithm identi-
fied statistically significant genes (p < 0.05) with a change in
transcript abundance of R1.5-fold. This analysis identified
398 transcripts that were significantly modulated in response
to geldanamycin in the EFG1/efg1D strain (see Table S1
available online), including 32 filament-specific transcripts
(GO-Slim analysis) such as HWP1, RBT1, ECE1, and ALS3.
Gene ontology (GO) analysis revealed that many processes
related to filamentation weremodulated upon Hsp90 inhibition
(Figure 1A). In addition to profiles observed in response to
serum and high temperature [10], the transcriptional profile
of geldanamycin-induced filamentation was most similar to
profiles accompanying filamentation in response to DNA
damage or inhibition of the polo-like kinase Cdc5 [11]
(Figure 1B).
Given that filamentation induced by Hsp90 inhibition does
not depend on Efg1, we compared transcriptional profiles of
the EFG1/efg1D strain with those of the efg1D/efg1D mutant.
Many filament-specific transcripts upregulated by geldanamy-
cin in the heterozygote, such as HWP1 and RBT1, were also
upregulated in the efg1D/efg1D mutant (Figure 1C, p < 0.001,
analysis of variance [ANOVA]; Table S1), whereas others,
such as ALS3, depended on Efg1 (Table S1). Of the 398 tran-
scripts modulated by geldanamycin in the EFG1/efg1D strain,
only 18 depended on Efg1 (Figure S1). Genes deemed depen-
dent on Efg1 passed two tests: significantly modulated by
geldanamycin in the EFG1/efg1D strain and significantly
different in a comparison of the EFG1/efg1D and efg1D/
efg1D strains treated with geldanamycin. These 18 transcriptsare dependent on Efg1 for their full expression, though many,
such as IHD1 andRBT1, are still upregulated though to a lesser
extent in the efg1D/efg1Dmutant. Notably, certain transcripts
considered dependent on Efg1 based on filamentation in
response to serum, such as HWP1 [1], are Efg1-independent
in our analysis. Therefore, inhibitingHsp90 induces a canonical
filament-specific transcriptional profile largely independent of
Efg1.
Hms1 Is Required for Filamentation Induced by Hsp90
Compromise
Given that Efg1 is not required for filamentation or induction of
filament-specific transcripts upon Hsp90 inhibition, we sought
todeterminewhich transcriptional regulator(s) enablegeldana-
mycin-induced filamentation. We screened a library of 143
C. albicans homozygous transcription factor deletion mutants
[12], whichwere grownwith orwithout geldanamycin, and their
ability to filament was assessed by microscopy. We identified
four mutants with reduced capacity to filament in response to
geldanamycin: orf19.921D/orf19.921D, cph2D/cph2D, hap5D/
hap5D, and stp2D/stp2D (Figure S2). We focused on the previ-
ously uncharacterized ORF19.921, which had the most severe
defect. Reciprocal BLAST analysis identified the Saccharo-
myces cerevisiae best hit for ORF19.921 as HMS1 (p < 5.4e-
07), and we thus refer to ORF19.921 as C. albicans HMS1.
We next validated the importance of C. albicans Hms1 for
morphogenesis induced by Hsp90 compromise. An indepen-
dently created hms1D/hms1D mutant was unable to filament
in response to geldanamycin, and reconstituting HMS1
restored filamentation (Figure 2A). The filamentation defect
of the hms1D/hms1Dmutant was further confirmed by quanti-
tative RT-PCR analysis of the filament-specific transcript
HWP1 (Figure 2B). To genetically validate the phenotype
induced by pharmacological inhibition of Hsp90, we employed
a strain in which the onlyHSP90 allele is regulated by the doxy-
cycline (DOX)-repressible promoter (tetO-HSP90/hsp90D),
and DOX-mediated depletion of Hsp90 induces filamentation
[6]. Deleting HMS1 in the tetO-HSP90/hsp90D strain blocked
filamentation in response to Hsp90 depletion (Figure 2C).
Further, overexpressingHMS1 inducedfilamentation at a lower
concentration of geldanamycin than in the wild-type (WT) (Fig-
ure 2D; Figure S3A). Thus, the morphological response to
pharmacological inhibition or genetic depletion of Hsp90 is
dependent on Hms1.
Hms1 Is Specifically Required for Filamentation Induced
by Elevated Temperature
Next, we monitored hms1D/hms1D mutant phenotypes in
response to cues that induce filamentation through diverse
cellular pathways, including Lee’s medium at pH 6.8, Spider
medium, medium containing serum or the cell-cycle inhibitor
hydroxyurea (HU), and rich medium at elevated temperature
(42C). Strikingly, the hms1D/hms1D mutant filamented
under all conditions, except elevated temperature (42C),
and complementation restored temperature-dependent fila-
mentation (Figure 3A; Figure S3B). Further, on solid at 42C,
the hms1D/hms1D mutant did not develop wrinkly colony
morphology, nor did it invade agar as the WT did, whereas
overexpressing HMS1 led to an exaggerated wrinkly mor-
phology (Figure 3B). Given that Hsp90 inhibition phenocopies
elevated temperature in C. albicans [2, 6], HMS1 is specifically
required for filamentation under conditions of temperature
stress, including compromised Hsp90 function and elevated
temperature.
Figure 1. Inhibition of Hsp90 Induces a Filament-Specific Transcriptional Profile, Independent of Efg1
(A) GO term enrichments relating to filamentation for transcripts upregulated by geldanamycin (GdA). Enrichment is listed for transcripts significantly modu-
lated by 10 mM geldanamycin in an EFG1/efg1D strain (>1.5-fold, p < 0.05).
(B) Transcriptional profile of geldanamycin-induced filaments is similar to that induced by other cues. Profile induced by geldanamycin was compared to
profiles from other microarray experiments using the Genespring list similarity tool and the List-to-list (L2L) database (http://candida.bri.nrc.ca/L2L).
(C) Validation of microarray by qRT-PCR confirms that several filament-specific transcripts are upregulated by geldanamycin, independent from Efg1.
Levels are expressed relative to the untreated WT sample. Data are means 6 SD for triplicates.
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463Pho85 and Pcl1 Are Required for Geldanamycin-Induced
Filamentation
S. cerevisiaeHms1 interacts with the cyclin Pcl1 and is directly
phosphorylated by the cyclin-dependent kinase Pho85 [13].
To determine whetherC. albicans Pcl1 and Pho85 are involved
in morphogenesis induced by Hsp90 inhibition, we con-
structed a pcl1D/pcl1D mutant and a DOX-repressible
PHO85 conditional mutant (tetO-PHO85/pho85D); a pho85D/
pho85Dmutant could not bemade, possibly due to decreased
growth upon PHO85 depletion (Figure S4A). Like the hms1D/hms1D mutant, the pcl1D/pcl1D mutant did not filament in
response to geldanamycin or elevated temperature (42C)
but filamented in response to all other cues (Figure 4A; Fig-
ure S4B); complementation restored temperature-dependent
filamentation (Figure S5A). Further, on solid at 42C, the
pcl1D/pcl1D mutant did not develop wrinkly colony
morphology or invade agar, and complementation restored
these phenotypes (Figure 4B; Figure S5B). Similar to the
pcl1D/pcl1D mutant, the tetO-PHO85/pho85D conditional
mutant did not filament in response to Hsp90 inhibition
Figure 2. Hms1 Is Required for Filamentation Induced by Hsp90 Compromise
(A) An hms1D/hms1Dmutant does not filament in response to GdA, and complementation restores filamentation. Strains were incubated in YPD at 30C for
24 hr with GdA, as indicated.
(B) Quantification of HWP1 transcript levels, measured by qRT-PCR. Levels are expressed relative to the untreated WT sample. Data are means 6 SD for
triplicates.
(C) Filamentation induced by genetic depletion of Hsp90 is dependent on Hms1. Hsp90 levels were reduced by transcriptional repression with 20 mg/ml
doxycycline (DOX) in the tetO-HSP90/hsp90D strain at 30C for 24 hr, as indicated.
(D) A strain that overexpresses HMS1 filaments at a lower concentration of GdA compared to the WT. Strains were grown at 30C for 24 hr.
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464(Figure 4C), reinforcing the connection between the cyclin
Pcl1, cyclin-dependent kinase Pho85, and transcriptional
regulator Hms1, all of which are necessary for geldanamycin-
induced filamentation.
Epistasis Analysis Suggests that Hms1 Functions
Downstream of Pcl1, not PKA Signaling
Considering the role for the cAMP-PKA pathway in filamenta-
tion induced by Hsp90 inhibition [6], we assessed whether
Hms1 acts downstream of PKA or downstream of Pcl1 and
Pho85. We overexpressed HMS1 in either the pcl1D/pcl1D
mutant or a PKA catalytic subunit depletion strain (tpk2D/
tpk2D PCK1p-TPK1/tpk1D), neither of which filament in
response to geldanamycin (Figure 5), and assessed filamenta-
tion. Overexpression of HMS1 in the tpk2D/tpk2D PCK1p-
TPK1/tpk1D mutant did not restore filamentation (Figure 5A).
However, overexpressing HMS1 in the pcl1D/pcl1D mutant
rescued filamentation in response to geldanamycin (Fig-
ure 5B). Thus, epistasis analysis suggests that Hms1 acts
downstream of Pcl1 but not PKA in C. albicans.Upon Hsp90 Inhibition, Hms1 Binds to DNA Associated
with Filament-Specific Transcripts and Regulates Their
Transcript Levels
To assess the role of Hms1 as a transcriptional regulator, we
monitored Hms1 binding to DNA using chromatin immunopre-
cipitation (ChIP)-chip. Binding of FLAG-Hms1 was measured
in samples cultured with or without geldanamycin, and binding
locationswere determined in duplicate ChIP-chip experiments
using high-density tiling arrays. Regions bound by Hms1 were
assessed for GO term enrichment (Table S2). Hms1 bound to
DNA under both control and geldanamycin-treated conditions
(Table S2); however, upon geldanamycin treatment, Hms1
targets were enriched for filamentous growth, as well as the
Arp2/3 protein complex, required for C. albicans filamentation
[14] (Figure 6A). Hms1 occupancy sites mapped to 50 untrans-
lated regions, open reading frames (ORFs), and 30untranslated
regions (Table S2), as determined by experimental annotation
of transcribed regions [15]. Of the 29 targets enriched for Hms1
binding upon Hsp90 inhibition (Table S2), only five were
transcriptionally modulated by geldanamycin (Table S1). To
Figure 3. Hms1 Is Specifically Required for Fila-
mentation Induced by Elevated Temperature
(A) The hms1D/hms1D mutant filaments under
most conditions, but not at elevated temperature.
Strains were grown with hydroxyurea (HU) for
24 hr, in Lee’s medium for 6 hr, in YPD with 10%
serum for 6 hr, in Spider medium for 6 hr, or in
YPD for 6 hr.
(B) Hms1 is required for wrinkly colony mor-
phology and agar invasion at elevated tempera-
ture. Cells were plated on YPD agar and grown
at 42C for 4 days. Plates were washed with H2O.
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465determine whether these transcripts (RBT5, UME6, PEX11,
AIM38, and DIE2) are induced in response to geldanamycin
in an Hms1-dependent manner, we performed qRT-PCR.
Consistent with our microarray analysis, all five were upregu-
lated by geldanamycin in the WT (p < 0.05, ANOVA, Figures
6B and 6C). Three of the five transcripts (RBT5, UME6, and
PEX11) were dependent on Hms1, because deletion of HMS1
blocked their upregulation (p < 0.05, ANOVA, Figure 6B).
Notably, Hms1 bound to the ORF of RBT5 and PEX11, and
promoter of UME6 (Table S2), suggesting that Hms1 might
influence transcription through canonical 50 promoters or
cryptic promoters within ORFs [16]. Ume6 is a key regulator
of filamentation [17], and Rbt5 is a cell wall protein induced
by filamentation cues [18], and therefore these factors may
regulate geldanamycin-induced morphogenesis. Thus, Hms1
binds to and modulates the expression of transcripts involved
in filamentation in response to Hsp90 inhibition.
We next determined whether Rbt5, Ume6, or Pex11 were
required for morphogenesis induced upon Hsp90 inhibition.
The rbt5D/rbt5D, ume6D/ume6D, and pex11D/pex11D mu-
tants filamented in response to geldanamycin (Figure S6),
indicating that these genes are not individually required forgeldanamycin-induced morphogenesis
and suggesting redundancy. Given
the importance of PKA signaling, there
might be redundancy between Efg1
and Rbt5, Ume6, or Pex11. We focused
on Ume6 as it is a key transcriptional
regulator of filamentation [17]. To deter-
mine whether Efg1 was redundant with
Ume6, we created a mutant lacking
Efg1 and Ume6. This efg1D/efg1D
ume6D/ume6D mutant filamented in
response to geldanamycin (Figure S6),
implicating additional redundancy
among Hms1 targets.
Deletion of HMS1 Attenuates
Virulence in a Galleria mellonella
Model of Infection
Given the importance of morphogenetic
flexibility for virulence, we addressed
whether deletion of HMS1 affected
virulence in a metazoan infection model.
We employed a tractable inver-
tebrate model, the greater wax moth
G. mellonella, which is a powerful
model for pathogenicity studies with
C. albicans and other pathogenic fungi
[19]. G. mellonella injected with the
hms1D/hms1D mutant had increasedsurvival compared with those injected with the WT or comple-
mented strain (p < 0.0001, log-rank test, Figure 6D). Thus,
Hms1 is important for virulence in an invertebrate model of
C. albicans infection.
Discussion
Our results establish a new mechanism through which Hsp90
orchestrates C. albicans morphogenesis and define novel
circuitry governing temperature-dependent morphogenesis,
with broad implications for temperature sensing and virulence
of fungal pathogens. Despite morphological and regulatory
differences, filaments induced by Hsp90 inhibition exhibit
a transcriptional profile resembling otherC. albicans filaments,
with many well-characterized filament-specific transcripts
(Figure 1; Table S1). This transcriptional response is largely
independent of the canonical transcription factor downstream
of PKA, Efg1. Our screen for transcription factors required for
filamentation induced by Hsp90 inhibition identified Hms1.
Hms1 is uniquely required for filamentation induced by
temperature stress, including elevated temperature, which
can overwhelm Hsp90’s functional capacity, and more direct
Figure 4. Pcl1 and Pho85 Are Required for Fila-
mentation Induced by Hsp90 Inhibition
(A) The pcl1D/pcl1D mutant is unable to filament
in response to GdA or at 42C. Strains were
grown with 10 mM GdA at 30C for 24 hr or in
YPD at 42C for 6 hr.
(B) Pcl1 is required for wrinkly colonymorphology
and agar invasion at 42C. Cells were plated on
YPD and grown at 42C for 4 days. Plates were
washed with H2O.
(C) Genetic depletion of Pho85 blocks filamenta-
tion induced by GdA. Pho85 levels were reduced
by transcriptional repression with 20 mg/ml DOX
in the tetO-PHO85/pho85D strain at 30C for
24 hr; strains were grown with 10 mM of GdA, as
indicated.
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466compromise of Hsp90 function (Figures 2 and 3). Epistasis
analysis suggests that Hms1 does not function downstream
of PKA but rather downstream of the cyclin-dependent kinase
Pho85 and cyclin Pcl1, which are also required for filamenta-
tion induced by Hsp90 inhibition or elevated temperature
(Figures 4 and 5). Upon Hsp90 inhibition, Hms1 binds to
targets involved in filamentation and regulates levels of several
of these transcripts, including UME6 and RBT5 (Figure 6).
Hms1 is important for C. albicans virulence in an invertebrate
infection model (Figure 6), consistent with the importance of
morphogenetic flexibility in virulence.
Efg1 is regarded as the master transcriptional regulator of
C. albicans morphogenesis, required for filamentation in
response to most cues [1]. Efg1 is dispensable for filamenta-
tion induced by some cues, including Hsp90 inhibition [6].
Efg1 is similarly not required for filamentation induced by the
DNA synthesis inhibitor hydroxyurea or by depletion of the
polo-like kinase Cdc5 or DNA damage checkpoint regulator
Rad52 [20, 21]. Similar to filamentation induced by Hsp90
depletion, many of these cues remain dependent on upstream
components of the PKA cascade, such as Cyr1, despite being
independent of Efg1 [6, 20, 21]. Further, although Efg1modulates filament-specific transcripts
in vitro [10], many are expressed in an
Efg1-independent manner in a mamma-
lian model of C. albicans colonization
[22]. The environmental contingency of
Efg1’s role in morphogenesis despite a
common transcriptional profile induced
by different cues highlights the regula-
tory complexity governing C. albicans
morphogenesis.
Despite its central importance, tran-
scriptional control of morphogenesis
induced by elevated temperature has
thus far remained largely enigmatic.
We found that C. albicans Hms1 is a
transcriptional regulator with a special-
ized role in morphogenesis induced
by Hsp90 compromise or temperature
stress. In S. cerevisiae, HMS1 regu-
lates pseudohyphal growth, because
ectopic expression promotes filamenta-
tion, whereas deletion reduces filamen-
tation in nutrient limited conditions
[23]. S. cerevisiae Hms1 physically
associates with the cyclin Pcl1 andis phosphorylated by the cyclin-dependent kinase Pho85,
in complex with Pcl1 [13]. Pcl1 and Pho85 influence
S. cerevisiaemorphogenesis and localize to sites of polarized
growth [24]. Our findings suggest that previously uncharacter-
ized Pho85-Pcl1-Hms1 circuitry is conserved in C. albicans,
though it regulates filamentation in response to elevated
temperature rather than nutrient limitation. Notably, cyclin-
dependent kinases from the Pho85 family regulate morpho-
genesis and development in response to environmental
cues in diverse fungi, including Sporothrix schenckii [25], and
Ustilago maydis [26]. These regulators may provide a con-
served core mechanism governing morphogenesis that can
be rewired to respond to distinct environmental cues during
evolution.
Hsp90 may influence Pho85-Pcl1-Hms1 signaling directly or
indirectly to govern morphogenesis. Hsp90 may directly regu-
late function of the cyclin-dependent kinase Pho85. Notably,
Hsp90, in conjunction with the cochaperone Cdc37, regulates
stability and function of numerous protein kinases, including
cyclin-dependent kinases [7]. Much of the S. cerevisiae ki-
nome is affected by reduced Cdc37 function, including one
PKA catalytic subunit, Tpk2, and Pho85 [27]. Hsp90 and
Figure 5. Epistasis Analysis Suggests that Hms1 Func-
tions Downstream of Pcl1, and Not PKA
(A) Overexpression of HMS1 in a PKA catalytic subunit
depletion mutant (tpk2D/tpk2D PCK1p-TPK1/tpk1D)
does not restore filamentation in response to GdA.
(B) Overexpression of HMS1 in a pcl1D/pcl1D mutant
restores filamentation in response to GdA.
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467Cdc37 are both required for the formation of a heterodimer
between the cyclin-dependent kinase Cdc28 and cyclins
Cln2 and Clb2 in S. cerevisiae [28], and Hsp90 stabilizes
Cdc28 in C. albicans [8]. Hsp90 and Pho85 are also both
involved in mitotic exit. Hsp90 influences the mitotic exit
network in C. albicans via the checkpoint protein Bub2 [8],
whereas Pho85 and Hms1 influence mitotic exit through
Cdc14 in S. cerevisiae [13]. Thus, Hsp90 may regulate filamen-
tation through interaction with Pho85.
The mechanism by which Pho85-Pcl1-Hms1 signaling
governs morphogenesis induced by Hsp90 compromise or
elevated temperature likely involves transcriptional control of
target genes. Consistent with this model, Hms1 binds targets
associated with filamentation, including the transcription
factor Ume6, in response to Hsp90 inhibition (Figure 6).
Some targets bound by Hms1 are transcriptionally upregu-
lated upon Hsp90 compromise in an Hms1-dependent manner
(Figure 6), suggesting that Pho85-Pcl1-Hms1 signaling may
influence morphogenesis via these targets. Hms1 occupancy
differed among these targets including 50 untranslated regions
and ORFs, suggesting that Hms1might influence transcription
through canonical 50 promoters or cryptic promoters [16].
Individual deletion of targets that were both bound by Hms1
and induced by geldanamycin in an Hms1-dependent manner,
including UME6, RBT5, or PEX11, did not block filamentation
in response to Hsp90 inhibition (Figure S6), suggesting redun-
dancy among Hms1 targets or between Hms1 targets and
other morphogenetic regulators. Given the importance of
PKA signaling for morphogenesis induced by Hsp90 inhibition
and that deletion of the terminal transcription factor Efg1reduces but does not block filamentation
induced by Hsp90 compromise [6], an attrac-
tive model involves redundancy between
Efg1 and an Hms1 target. The most likely
culprit is Ume6, given that it is a key transcrip-
tional regulator of filamentation. However, a
strain lacking both Efg1 and Ume6 filamented
uponHsp90 compromise (Figure S6), suggest-
ing additional redundancy among Hms1
targets. This highlights an emergent paradigm
of functional redundancy among targets of
morphogenetic transcriptional regulators [1].
Hsp90 has pleiotropic effects on C. albicans
morphogenesis, consistent with its function
as a central hub of protein homeostasis and
regulatory circuitry. In S. cerevisiae, Hsp90
interacts with w10% of the proteome [29],
and the chaperone network is anticipated to
be equally complex in C. albicans. By chaper-
oning diverse regulators of cellular signaling,
Hsp90 is poised to affect morphogenesis
through numerous pathways. Here, we impli-
cate Pho85-Pcl1-Hms1 as a novel pathway
through which Hsp90 regulates filamentation.We previously established that filamentation induced by
Hsp90 inhibition is contingent upon cAMP-PKA signaling [6]
and factors involved in mitosis [8]. Whether Hsp90 regulates
morphogenesis through these pathways independently or
whether there is crosstalk remains unknown. Hsp90 also has
pleiotropic effects on temperature-dependent circuitry gov-
erning C. albicans drug resistance. Hsp90 regulates crucial
cellular responses to stress induced by azoles, which target
the cell membrane, and echinocandins, which target the cell
wall [1]. Hsp90 enables drug resistance through the protein
phosphatase calcineurin, and protein kinase C (PKC) signaling
[2, 30, 31]. Elucidating the architecture of Hsp90-dependent
circuitry governing drug resistance ormorphogenesis requires
global approaches to analyze genetic interactions andmap the
Hsp90-dependent genetic landscape of a cell.
Hsp90’s extensive connectivity in interaction networks and
profound impact on cellular circuitry provide an elegant mech-
anism to couple temperature-dependent protein homeostasis
with signaling governing fungal stress responses, drug resis-
tance, morphogenesis, biofilm formation, and virulence [2, 6,
32]. As a broadly conserved chaperone, Hsp90 also governs
temperature-dependent developmental programs in the
protozoan parasites Plasmodium falciparum and Leishmania
donovani [33]. This complements other thermosensitive
proteins, including transcriptional regulators, kinases, prote-
ases, and chaperones that modulate developmental programs
and virulence in response to temperature in diverse patho-
gens, including fungi, bacteria, and protozoa [33, 34]. There
is a broader paradigm for molecular temperature sensors
that includes not only proteins but also DNA and RNA.
Figure 6. Hms1Binds to DNAAssociated with Filament-Specific Transcripts uponHsp90 Inhibition, Regulating Their Levels, and Is Important forC. albicans
Virulence in a G. mellonella Infection Model
(A) Hms1 binds DNA under control and GdA-treated conditions, with GdA-treated targets enriched for filamentation. Top table shows GO enrichment for
targets bound under control conditions; bottom table shows GO enrichment for targets bound with 10 mM GdA.
(B) Of the five genes that are bound by Hms1 and transcriptionally modulated by GdA, three are dependent on Hms1. Data are means 6 SD for triplicates.
(C) Of the five genes that are bound by Hms1 and transcriptionally modulated by GdA by microarray, two are not dependent on Hms1 for GdA-induced
upregulation. Data are means 6 SD for triplicates.
(D) The hms1D/hms1D mutant has reduced virulence in a G. mellonella model. Controls were not injected.
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468Temperature influences DNA topology influencing gene
expression in many bacteria, including pathogens such as
Salmonella enterica and Shigella species and hyperthermo-
philes [34]. Temperature-responsive RNAs can control transla-
tion of heat-shock and virulence genes by altering their
secondary structure in response to temperature, as in the
bacteria Yersinia pestis and Escherichia coli [34]. Temperature
dependence can be achieved through specific modular
domains, as with thermal sensitivity of transient receptor
potential channels in mammals [35]. Temperature-dependent
responses pervade biology, resulting in the stunning
complexity of mechanisms for sensing and transducing
temperature signals that have emerged over evolutionary time.Experimental Procedures
Strains and Culture Conditions
Strains are listed in Table S3 and their construction described in the Supple-
mental Information, as are culture conditions.
Plasmids
Plasmids are listed in Table S4 and their construction described in the
Supplemental Information. Plasmids were sequenced to verify the absence
of any nonsynonymous mutations. Primers used in this study are listed in
Table S5.
Microarray Analysis
Each microarray experiment was conducted four times using independent
biological replicates. Cells were grown overnight in YPD at 30C, diluted
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469to OD600 of 0.2, and grown overnight again with or without 10 mM geldana-
mycin. Cells were again diluted to OD600 of 0.2 in the same conditions and
grown to mid-log phase. For details on RNA extraction, complementary
DNA (cDNA) labeling, microarray hybridizations, and analysis see Supple-
mental Information. Data are accessioned at NCBI GEO (GSE34939,
http://www.ncbi.nlm.nih.gov/projects/geo/query/acc.cgi?acc=GSE34939).
Library Screening
The C. albicans transcription factor deletion library [12] was obtained from
the Fungal Genetics Stock Center and screened in 96-well plates. Cells
were grown overnight in 100 ml YPD at 30C in static conditions. Cultures
were transferred to 96-well plates, with each well containing 100 ml YPD,
with or without 10 mM geldanamycin. After 30C static growth overnight,
cells were imaged using a Zeiss Axio Observer.Z1 (Carl Zeiss).
Microscopy
Imaging from liquid media was performed using differential interference
contrast microscopy using a Zeiss Axio Imager.MI (Carl Zeiss). Imaging
from solid involved a Zeiss Stereo Discovery.V8 at 83 magnification.
Imaging of entire plates involved a Canon PowerShot A640.
Invasive Growth
Overnight cultures were grown in 5 ml YPD with shaking at 30C. Cells were
counted using a hemocytometer, andw100 cells were plated onto YPD agar
and grown for 4 days at 42C. Plates were washed with water and photo-
graphed before and after washing.
qRT-PCR
Cells were grown overnight in YPD at 30C, diluted to OD600 of 0.2, and
grown overnight with or without GdA or DOX. Cells were diluted to OD600
of 0.2 and grown to mid-log phase. RNA preparation, cDNA synthesis,
and PCR were performed as described [8].
G. mellonella Virulence Assay
Injection of C. albicans was performed as described [19], except that larvae
were obtained from Simply Dragons, and 5 3 106 C. albicans cells were
injected. Larvae were incubated at 37C and dead larvae scored daily. Kill
curves were plotted and differences in survival (log-rank test) analyzed by
the Kaplan-Meier method (GraphPad Prism).
Whole-Genome Location Profiling by ChIP-chip
ChIP-chip was performed as previously described [36], with a fewmodifica-
tions as described in the Supplemental Information. Data are accessioned
at NCBI GEO (GSE34939, http://www.ncbi.nlm.nih.gov/projects/geo/
query/acc.cgi?acc=GSE34939).Supplemental Information
Supplemental Information includes six figures, five tables, and Supple-
mental Experimental Procedures and can be found with this article online
at doi:10.1016/j.cub.2012.01.062.
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